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ABSTRACT

Rocket propelled vehicles which operate at high aititude
produce iarge exhaust plumes which greatly modify the aerc-
dynamic fiow field. Oneof the most pronounced effects ;s an
interaction between the plume bow shock and the wvehicie hound-
ary layer. The interaction results in & Loundary laye
separation which can produce severai unde.. abie aerodyiemic
effects. A natural unsteadiness is inherent in the phenoui-
enon (plume induced flow separation) and at present the on'y
fluctuating pressure data avaiiable were taken on & Saturn V
vehicle in flight. The data indicate fluctuating pressure
Tevels of a magnitude to be of serious concern, particularly
from a buffeting consideration. This report is a wind tunnel
study of the basic nature of plume induced flow separation
with emphasis on the unsteady aspects of the flow.

Testing was conducted in a 6 inch by 6 inch blow-down
supersonic wind tunnel. A cone-cylinder model with a plum-
ing jet was used as the test model. Test were conducted
with a systematic variation in Mach number and plume pressure.
Results of the tests are presented in the form of rnot-mean-
squared surface pressure levels, power spectral densities,
photographs of the flow field from which shock angles and
separation lengths were taken, and time-averaged surface
pressure profiles.
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CHAPTER 1
INTRODUCTION

In the past few years, the unsteady effects of
separated flows have become of increasing interest., This
is due, in part, to the fact that flight vehicles are now
operating in flow regimes with high dynamic pressures and
are, therefore, subject to large pressure variations. The
pressure fluctuations produced by attached turbulent boundary
layers have been studied quite extensively, and the fluctu-
ations are understood well enough that reliable estimates
of their level can be made., However, it is also important
to study the pressure fluctuations associated with separated
flows since most vehicles have some portion of their boundary
enguifed in separated fliow.

Separated flows can be produced in a variety of ways,
such as compression corners, shock waves intersecting a
surface, deflection devices, jet plumes, etc. The jet plume
induced separation is one of the most important and least
studied separation phenomenon. Most high altitude rockets
and missiles encounter this phenomenon, and it will exert a
major influence on the aerodynamic characteristics of the
space shuttle.

This study is a report of an experimental investigation

of the basic nature of pressure fluctuations associated with
1




piume induced flow separation. In this secticn a discus .on
of the scope of the research is presented. Mechanics ot the
separation phenomenon are discussed in Section 11 along with
a review of related experimental studies. A discussion of

the test model, laboratory equipment, and testing procedure
is included in Section III. In Section IV the experimental

results are presentecd, and conclusions are drawn in Section

V.

Purpose and Scope of Research

The primary purpose of this study was to obtain wind
tunnel measurements of the pressure fluctuation in the vi1-
cinity of bcundary layer separation on a vehicle with a
pluming jet. The vehicle was scaled to a suitable size tor
mounting in a supersonic wind tunnel, and the plume was
generated by a secondary air supply from a high pressure
facility located near the wind tunnetl.

Tests were conducted with a systematic variation of
Mach number and plume stagnation pressure. Results of the
investigation are presented in the form of root-mean-
squared (RMS) surface pressure levels, power spectral
densities of surface pbressure, time-averaged pressure pro-
t1les in the vicinity of separation, and photographs of the
flow field from which separation lengths and shock angles

were taken.




CHAPTER 11
DISCUSSION OF SEPARATED FLOW

This section is intended to provide a basic discussion
of the separation phenomenon and its associated properties.
Included in this section is a review of major studies con-
cerning separated flows, especially those studies concerning

unsteady separated flow.

The Mechanism of Flow Separation

In supersonic flow, a shock wave produces a sharp rise
in pressure and will penetrate through the boundary layer
to the sonic line when it impinges a solid boundary. Because
of diffusion, the sharp pressure change across the shock will
produce a strong but finite pressure gradient in the subsonic
portion of the boundary layer. Depending on the magnitude
of the gradient, the nature of the ancoming boundary layer,
and the length of upstream diffusion, separation may occur.
For example, in a compression corner with viscous flow the
diffusion process will cause an adverse pressure gradient
and may separate the boundary layer. Since separation re-
duces the initial pressure rise by decreasing the initial

flow turn angle and since the mechanism of separation is

dependent or this pressure rise, the inviscid external flow




and the viscous internal flow are i1nterdependent due to a
pressure interaction.

Bogdonof i and Kepler [3]* report measurements 1in
connection with an oblique shiock impinging on a flat wall
carrying a turbulent boundary layer with MI 3. Figure [I-]
shows a sketch of their interpretation of the eftect caused
by a weak shock (¢ = 7°) and a strong shock (o > 13%). The
weak shock reflection is very much like that expected on
the basis of 1deal-flow theory. When the strength of the
shock is increased to 13° the reflected pattern contains a
system of expansion and compression waves, and the boundary
lTayer thickens greatly and tends toward separation. Separa-
tion was observed to occur at deflection angles greater
than 9. The pressure rise which leads to separation is
independent of shock angle and has a value of P/ P 2.

A typical shock induced separated flow 1s shown in
Figure II-2, in which the principle flow regions are shown
with a wall-pressure profile. The lower edge of the bound-
ary layer, or the shear zone, breaks away from the wall very
noticeably at the separation point. 1t is a linear feature
with approximately a 13° incline to the surtface. The upper
boundary of the shear zone makes an angle ot about 16.5°
with respect to the wall, therefore, the region spreads
with an angle of about 3.5°. Above the shear zone, the

flow is virtually uniform supersonic flow. Below the shear

* Numbers in brackets refer to references in the List
of Reterences.
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zone, the line along which u = 0 Ties close to the center
of a very strong recirculating region. The total pressure
in this region 1s only 30% to 40% of the frce-stream value,

but the speed of the fluid is still as high as 35% of the

free-stream value. [3,29]

Related Studies

A wide variety of research has been done in the
separated flow regime in recent years. Bogdonoff and Kepler
[3] studied separation due to a forward facing step, from
which they obtained total and static pressure surveys of
the separated region. Love [13] and Gacdd [7] performed some
of the first studies in which the Mach and Reynolds number
influences were investigated. In 1958, Chapman, Kuehn and
Larson [4] investigated separated flows with respect to the
position of transition. Williams [19] a. “ikesell [16]
investigated the length of a separated region in a compress-
ion corner. Turbulent boundary layer separation induced by
flares on cylinders was studied by Kuehn [12]. For com-
prassion corner flares, small separated regions (less than
five boundary layer thicknesses) appeared to be as steady
as the attached flow; however for larger separated regions
the flow became unsteady, and the unsteadiness increased
as the size of the separated region increased. When sep-
aration occured on the curved-surface flares, the flow was
extremely unsteady. The unsteadiness was evidenced by the

vandom shock pattern. Photographs taken in succession for

- . . I . -
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a given test condition showed the shock systen fo .o

with time Jt wes atso observed that the separatror pornt
oscillated over a distance of several boundary Tayer thick-
nesses.

Gillette [8] obtained static and itolal pressure surveys
of turbulent boundary layer separation over a compress:on
corner. In his investigation, it was found that separation
exceeding six or eight boundary layer thicknesses became
unsteady, 1n which the excursions of the separated pont
were less than half a boundary layer thickness. Zukosk:
[20] reports from some unpublished data by C. F. Coe of
Ames Research Center, that near the seperation po'nt the
ratio of pressure fluctuation (RMS valives) to the f-ee-
stream dynamic pressure is roughly .06, and over the plateau
region the ratio is about .03. These values are roughity
independent of Mach number. Zukoski states that tor Reynolds
numbers two to three times the transition value, the overall
features of separated flow become independent of Reynolds
number. The pressure ratio for separation is almost con-
stant with Mach number. Strike [18] studied the interaction
between plumes and an external stream at a Mach number of
10. His test were conducted on a flat plate model w:th a
three-dimensional plume e:hausting at the trailing edge
The«s studies showed that in many respects the plume ac¢ts ds
a blunt body trailing the flat plate surface, which p-oduces
a large separated region on the model However, unlike the

blunt body, the plume is a moving fluid boundary which
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appears to inject mass into the separated regyton and
produces Taminar boundary layer separation effects that
difter from an equivalently shaped solid body. For instance,
the pressure 1n the separated region was higher and mec:e
sensi1tive to the separation point than the same length of
separated fiow caused by a solid body. McGhee [14] inves-
tigated jet plume induced flow separation at Mach numbers
of 3.00, 4.50, and 6.00 on various axisymmetric bodies. His
primary result was that the separation angle and length were
functions of jet pressure ratio and model geometry.

0f the many studies performed on the flow separation
phenomenon, only a few people have investigated the un-
steodiness associated with flow separation. Kistler ['0,11]
investigated the sidewall boundary layer on the Jet Pro-
pulsion Laboratory twenty inch supersonic wind tunnel.
Separation was induced by a forward facing step on the order
of one boundary layer thickness. The mean static pressure
profiles obtained by Kistler were of the same general! form
of those obtained by Chapman [4]. The pressure rises rap-
idly near the separation point and then slowly approaches
a peak. After this peak, the pressure dips slightly and
then rises sharply near the step. Bogdonoff's [3] data
differ only slightly from Kistler's, and this difference can
proi*-bly be explained by three dimensional effects

Near the separation pcint, the qualitative features of
the pressure fluctuations are quite different from those

well within the separated region. (See Figure I11-3)
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According to Kistler [10], the time history of a point well
inside the sonarated region appears as a normal turbulence

signal (a finite band of white noise). Near the separation
point however, the signal has more of an "on-off" character
and can best be described as a white noise superimposed on

a random square wave of large amplitude. The frequency of

the square wave is much less than 1 kcps. Pressure fluctu-
ation data for a Mach number of 3.01 is shown in Figure

II-4, where Prms is the pressure level of the separation

and P! is the RMS pressure level of the unseparated region.

rms
Power spectral density data show that there is more energy

at the low frequencies in the separated region than in the
attached boundary layer. No spectra were obtained near
the separation point since most of the énergy was below

1 kcps, and the large fluctuations at the low frequencies
made it difficult to obtain quantitative measurements.
However, well within the separated region there is very
little enerqy below 1 kcps.

Referring again to Figure II-3, the pressure jumps
back and forth between P and P] at the separation point.
The simplest explanation of this is that at any instance
of time the wall pressure distribution is a step function,
with the lower value P ahead of the separation point and
the higher value P] in the separated region. The location
of this jump is not stationary but moves over 4 restricted
region. Kistler offers the following explanation for the

motion of (he separation point.

11
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The dividing surface is randomly distorted 1n the
z direction. This conjecture is supported by the fact
that the motion ot the separation point is not observed
in either stili or motion pictures of the flow. The
extent of this reqgion (almost the entire region of the
steep pressure rise) is big enough as compared to the
boundary layer thickness that it certainly should be
visible if the motion were uniform over the width of
the separated region. A random variation in the z
direction of the separated point, however, would be
averaged in a picture normal to the flow. Futhermore,
a cross-stream distortion of the flow is a plausible
explanation of the observed effect since, for the
supersonic flow, any perturbation that would increase
the deflection angle of the dividing surface would in-
crease the local pressure, push aside the slowly
moving, low-density recirculating fluid, and increase
the perturbation. Measurements by Kuehn have shown
that a supersonic turbulent boundary layer can support
a larger pressure rise without separating than that
encountered for the step flow, so that some motion of
the separation point is possible without contradicting
his measurements. The motion of the separation point
is 1imited because, if the angle gets toc large, either
a new separation bubble is formed ahead of the old one
or some other mechanism intervenes. [11]

The fluctuating wall pressures inside the separated
region appeared to be caused by the turbulence in the free
shear layer. However, the power spectral density curves
changed from point to point which impliec that other
mechanisms are also operating, but they are secondary in
ccmparison to the free shear turbulence.

Recently an extensive investigation of pressure
fluctuations associated with a separated turbulent boundary
layer has been undertaken at NASA Ames Research Center by
C. F. Coe [5]. Figure I1-5 shows the pressure fluctuation
data that were recorded for the flow in the vicinity of a

detached shock wave ahead of a 45° wedge in supersonic flow.
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Coe observed three characteristic features of the broadband
pressure fluctuation They are the low 1ntensities of the
attached boundary layer, the high intensity at the shock
and a plsteau level corresponding to the static pressure
plateau region The power spectra, Figure II-6, show the
distinct difterences in each of the flow regions.

The only fluctuation data avaiiable on plume induced
flow separation came from inflight messurements made on the
Saturn V vehicle reported by Jones [9]. Photographic data
were taken by a chase plane during the second flight of the
Saturn V, AS-502. and 1t was noted that separation began
about 90 seconds into the flight. As the vehicle gained
altitude, the exhaust plume caused enlargements in the
separated region and, consequently, there was a very rapid
and violent forward movement of the separation front on the
vehicle. Figure I1-7 shows the movement of the separation
front as taken from the film. At 150 seconds, near booster
shut-off, the separated region completely engulfed the S-IC
stage If a similar separated flow occurs on the space
shuttle, approximately 60% of the vehicle will be immersed
in the separated flow region

Ten dynamic pressure transducers were mounted on the
AS-505 vehicle in an effort to obtain pressure fluctuation
dat: near the separation point The pressure histories of
two of these transducers are shown in Figure II-8. The

fluctuating pressure levels were unexpectedly high, and as
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a result, the signals were 1nitially clipped as the
separation front passed over the transducer. The pressure
levels gradually decayed as the front continued forward.
The clipping of the fluctuating signal was due to the

fact that the instrumentation system wes biased for a
maximum of about 158 db., As can be seen in Figure II-8, #
the clipped signals could have exceeded 158 db by a
considerable amount. It is also important to note that
the pressure fluctuations showed a dominant frequency of 'T

2 to 3 hertz.




CHAPTER 111
EXPERIMENTAL APPARATUS AND PROCEDURE

The tests described in this report were conducted at
The University of Alabama in Tuscaloosa during the time
period from May 1971 to May 1972

Facilities used were those belonging to The University
of Alabama and electronic and recording equipment kindly

loaned by Marshall Space Flight Center.

Model Description

The model used in this study was designed Lo mount on
the wind tunnel wall, in order that pressure taps, pressure
transducers, end the high pressure line for producing the
plume could be fabricated into the model with no inter-
ference generated in the primary flow. The brass model was
mounted with the axis of symmetry located at the tunnel
boundary layer displacement thickness. This reduced the
boundary layer effect to a minimum, and also allowed a
larger diameter body to be used than would have been
possible on a sting mount. The overall confiquration and
dimensions of the model are shown in Fiqure III-1. A .250
inch wide 1ightly knurled band was machined around the body

of the model just att of the cone-cylinder intersection to

20
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trip and insure a turbuient boundary layer. 1l was
necessary to machine a flat surface along the top of the
model in order that the pressure transducers could be
mounted flush with the model surface. The strip was 1/4
inch wide and approximately .007 inch of the diameter was
removed. The nose cone angle and length of body were
optimized in order that the leading shock cone would not
reflect off of the tunnel walls and interfere with the
flow pattern,

Stainless steel splitter fins were positioned on the
model as shown 1n Figure [11-2., The fins served to separate
the tunnel boundary layer from the plume and were 1/16 inch
thick with a 10° half wedge cut on the lower surface lead-
ing edge. This produced flat plate fins as seen by the
fiow on the upper surface. The leading edge of the fins
were swept 70° so that the distance from the leading edge
to the separated region was a minimum, thus minimizing
the effect of the fin boundary layer,

The plume producing portion of the model is detailed
in Figure I1I-3, 1In order to restrict the flowrate require-
ments a solid plume core was inserted. The core also
provided a settling chamber for the plume. Both walls of
the nozzle were conical, with the apex of the cones on the
axic of the model. The nozzle was designed to produce an

isentropic exit Mach number of 2.54
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Mounting Transducers
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Figure 111-2., End View of the Test Model
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Data Acquisition Systems

Fxperimental data for this study were obtained from
three recording systems. A dynamic system, later referred
to as System I, was used to measure and record pressure
fluctuating data associated with the separated flow. A
static (time-averaged) pressure measuring system, later
referred to as System 1I, provided static pressure profiltes
for a few sample tests, and a Schlieren system, System 1id,
was used to study the flow geometry.

System 1 consisted ot six Kistler 601-L transducers,
six Kistler 553-A charge amplifiers powered by a Kepco D.C.
power supply, an Ampex Cp-100 tape recorder, a Tektronix
502-A oscilloscope, and a true RMS Ballantine voltmeter as
well as other appropriate electronic equipment.

The transducers used were the piezoelectric type with
a resonant frequency of 130,000 HZ and were calibrated with
a 160 db, 1 KHZ signal produced by a Photocon acoustic
calibrator. Figure II1-4 shows the location of each trans-
ducer mounted in the model. An electrical schematic of the
equipnent is shown in Figure I11-5. A1l electrical connec-
tions are made with low noise coaxial cable. The equipment
used i1n System I was borrowed from Marshall Space Flight
Center.

“iynals from the pressure transducer tests were record-
ed on one 1inch magnetic tape. Baganoff Associates of St.
Louis, Missour1 reduced the random signal data to RMS

pressure data and power spectral density data.
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a1

System 11 consisted of six pressure taps (.02% 1nch
diameter orftices) mounted in the model to coincide with the
location of the high frequency transducers used 1n System I,
and six USG pressure gages. The mounting holes in the
model were designed so that the transducers could be re-
moved and the pressure tap tubes inserted in their place,
providing time-averaged and dynamic pressure measurements
at identical model locations.

System IIl consisted of a standard black and white
Schlieren system manufactured by Kenny Engineering Corpora-
tion. Schlieren photographs were taken by a 35mm Miranda
camera. From the Schlieren photographs, separation lengths

and shock angles were obtained.

Primary and Secondary Flow Systems

A six inch by six inch supersonic wind tunnel manufac-
tured by Aerolab Supply Company in Hyattsville, Maryland was
used to simulate supersonic speeds of the model. The tunnel
was designed for continuous Mach number variation in the
range of 1.6 to 3.5 by means of a sliding lower nozzle
block. It was not possible to obtain the access required
for these tests through the walls of the existing test
section in the wind turnel. Therefore, a 13 inch test
section extension was designed and constructed for this
project. (See Figure 111-6). The extension was mated to

the original test section as carefully as possible, and no




Figure I1I-6.

; i,
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Supersonic Wind Tunnel Test Section
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flow disturbance at the junction was found 1n Schlacren
, observation. The windows were made of 8 inch by 6 1nch
by 1 1/4 inch plate glass. Because the windows were not

large enough to observe the entire model, they were

located for observation of the plume-separation region.

1t should be noted that the tunnel calibration was per-

' formed by Martin [15] before a new pneumatic control valve ’
system and the extended test section were 1nstalled. In F
a preliminary test a portion of the lower nozzle block ‘T

failed, and it was necessary to dismantle the tunnel and

make repairs. The repairs were very closely supervised,

and with several test runs it was determined that the

tunnel was repaired with virtually no change 1n co’1bration.
The plume flow was created by the secondary flow system

which consisted of a high pressure test facility locsted

near the wind tunnel. Air at 2400 psi and near room temper-

ature was brought to the plume control panel in front ot

the wind tunnel by two 1/2 inch stainless steel tubes. The
plume pressure was regulated by a Tescom dome regulator be-
fore the air entered a stainless steel settling chamber at
which point the plume stagnation pressure was measured on a

ten inch Heise gauge. A three foot section of 3/4 inch

flexible high pressure hose connected the settliing chamber

and rhe model.

- . - — £ -




Test Procedure

A1V tests in this investigation were conducted n
essentially the same manner. The plume flow was established

first and maintained throughout the tunnel run.* Mach

numbers were varied from 2.5 to 3.5 in increments of 0.2,
and plume pressures were varied from zero ps1 to 800 psi in l
increments of 200 psi. Arrangement of the test facilities
necessitated separate tests for each type of test; that is,
the tests to measure fluctuating pressures, to measure static
pressures, and to obtain Schlieren photographs were conduct-

ed separately.

* It was surprising to the investigators that the plume
flow did not block the tunnel and prevent a start, however,
good €low could be established with the plume in operation.
It is noted that this indicates at least one major behav-
gogal di fference in plume flow and that simulated by a sol:d

ody.
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CHAPTER 1V
DISCUSSION OF RESULTS

This section includes a presentation of selected data
collected in this investigation. Trends and megynitudes are
shown and comparison is made with similar data associated

with separation induced by solid body configtrations

Flow Geometry Data

Because of the unusual mounting arrangement of the mode’
used in these tests (i.e., a wall mounted cylinder) assurance
was sought that the flow in the vicinity of the separation
region was not disturbed. That assurance was found from oil
flow patterns, Schlieren studies, and surface pressure
measurements. In each instance, as will be discussed, there
were no significant effects found of the mounting arrangement
on the flow over the upper surface of the model

0i1 flow studies were conducted before the instrumenta-
tion of the model. The patterns obtained did not have
sufficient contrast for good quality photographs; however,
close observation of the patterns showed that the splitter
fins did isolate the main body of the model trom the tunnel
boundary layer. The patterns also indicated that Lhe plune

boundary was contained by the fins for a plume stagnation

32
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pressure up to 800 psi. The general concius.ions of ihis was
that the tlow in the plume and instrumentation reqions viaes
essent1ally as 1t would have been had the model and flow been
completely axi-symmetric.

Mean static wall pressures were obtained tor & Mach
number of 2.7 over a range ot plume pressures. These pro-
files are shown in F.gure IV-1, in which the tive plume
pressure conditions are shown in a vertically staggered
arrangement to facilitate comparison of the profiles for
different plume pressures. The no-plume profile shows con-
stant wall pressure within exper.mental error and again
supports the conclusion that the flow in the instrumentatioun
region was not disturbed by the mounting arrangement.

The Schlieren photographs in Figure IV-2 illustrate
typical flows studied 1n this project. Only the upper
surface of the cylindrical section of the model 1s visible,
with the plume and separation in the lower left region of
the photographs. The shocks running diagonally across the
field (excluding the separation shock) are generated in the
nose region of the model. Again there are no indications of
flow disturbance due to mounting in the instrumentation
region.

The black strip showing in the field of the photographs
1s » two inch reference length. From this the separatiaon
Tength was measured, taking the intersection of the separa-
tion shock and the model surface as the point of separation

and defining the separation length to be the distdance trom
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a. M=2.7, Py=200 Psi

b. M=2.7, Pp=400 Psi

Figure IV-2. Schlieren Photographs of Plume In-
duced Flow Separation




d. M=2.7, Pp=800 Psi

Figure V-2 (Continued)
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that pownt to the piume origin Figure 1V-3 present:
cseparation length .ersus normalized plume pressure for e.ch
Mach number Gillette [8], Williams [19], and Mikesel! [16]
observed 8 Mach number effect on separation length, however,
if there is a Mach effect present in this study 1t *s ob-
scured by data scatter. The data in Figure IV-3 coulid be
approximated by one smooth curve.

Separation shock angle data are shown 'n Figure V-4,
The angle decreases with increasing Mach number as one would
expect. Also, the curves of separation angle versus plume
pressure show negative slope which becomes less negat:ve as

the Mach number increases.

Pressure Fluctuation Deota

The basic nature of the fluctuating pressure signals is
shown by oscilloscope samples in Figure 1V-5. A one KHZ,
160 db RMS calibration signal is included with each pressure
signal for a frequency and magnitude reference. The signals
of transducers one and two, which are ahead of the separation
front, appear as a normal turbulent signal. In this instance,
the separation front is located near transducer three which
produces a signal of an obviously different character 1n
that it includes distinct "steps" which suggest that the
shock front i1s passing back and forth across the transducer
Transducers four., five, and six are located in the separation

region and produre signals of a character similar to those
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b. Transducer No. 2

a. Transducer No. 1
(in Front of Shock)

(in Front of Shock)

¢. Transducer No. 3 d. Transducer No. 4
(Behind Shock)

(At Shock)

¢. Transducer No. 5 f, Transducer Ho. 6
(Behind Shock) (Behind Shock) {

M=2.7, Pp=800 Psi

Fiqure IV-5. Tyoical Fluctuating Pressure Signals Comonared to a 160 do, 1 KHZ Sinusoidal Signal
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produced ahead of the separation, except that the magnitude
1s much greater The signals are very much 1ike those ob-
served by Kistler [10,1i] for a turbulent boundary layer
separated by a soli1d step.

Root-mean-squared pressure fluctuation levels are re-
ported for all test conditions. Figure IV-6 shows the
general form of the data. There 1s a sharp peak in RMS
pressure level near or at the separation front. The level
drops to a minimum for the separated region Just behind the
separation front and then slowly increases to values which
in some cases exceed the peak level at separation. The
trend is identical to that reported by Coe [5] except that
he did not report the significant rise in the separated
region.

Figure IV-7 through 1V-12 present the RMS levels ob-
tained in this 1nvestigation. The data have been shifted in
a horizontal direction sc that separation points coincide
for different plume pressures at the same Mach number. 1n
several tests the separation point is located between trans-
ducers, and tests of this type do not display the peak at
separation This fact along with the data scatter necessi-
tates careful observation to detect trends.

The general form of the power spectral densities is
show:» in Figure IV-13. The forms are substantially the same
as those reported by Coe [5] except for the rise on the high
frequency end (in the 12 to 20 KHZ range). Figure IV-14

through 1V-19 show numerical examples of normalized power
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spectral densities Unfortunately, no boundary layer length
was available and the model diameter was used as the best
length scale available. Also, in interpretating the curves
one must remember that the shock front was not positioned
on a transducer in all tests so that this spectrum is missing
from some of the families. Figure IV-17 illustrates an
example of this. On the other hand, Figure 1Vv-18 illustrates
a case in which the shock spectrum is clearly evident.

There were slight variations in Revnolds number for

each Mach number tested because of small variations in test

section stagnation pressure. lHowever, nominal values of
Reynnlds number can be given for each test section Mach

number.

Mach Number Revnolds Number Per Foot

, 2.5 - 0.90 x 107
2.7 - 1.02 x 107
2.9 - 1.13 x 107
3.1 - 1.21 x 107
‘ 3.3 - 1.27 x 107
3.5 - 1.36 x 107




RMS Pressure Level

Point

I
Separation '""\\\J .]
I
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Figure IV-6. General Nature of RMS Pressure Curves 1
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Log (Power Snectral Density)

Fiqure 1V-13. neneral Nature of Power Snectral Density Data

Separated Flow

Attached \
Turbuient

Boundary
Layer

Log (Frequency)

50




v T Y e oYOv D
Ty Y e T TTw R T

51

722, seconds

10-5 4

10-6 L Transducer

o -1

0-2

A -3

o v -4

Es o-5

O - 6

équ q = 15.7 osi
) oser U = 2056 ft/sec
10-7 L 800 d = 2.9 inches
088,  ©
v e
a-
s °§o

o
ggﬁe )
o]
o °
~ O v/
lo} Coy
10-10 r OO
b + bttt} + oW + ...q e e
10-4 10-3 10-2 1g-1 10
fd/U

Figu;giIV—ld. power Spectral Density Data For’a Mach Number of 3.1 and a Plume Pressure of




1n-5 1
10-C |
o
© O
o © o
SN}
04
o e}
- 8 g OO C)o
= -7 5 © ~ [0}
s 104 X c’gf@«v
o ©
” e®8 o © o 0
o~ \v 8
N LR O O Q
(&) 8
Ceg @ 50
o 009
g 78 o)
o a® o
-3 .
T Vg Yo
v o]
a0
] o]
v B0 o]
Anv
VDG
10-9 |
pa-1n L___‘_”q_, FUPROFY ¢+1—.---- N 4—0—+—¢+—}—~--—-4—--A—4
1n-4 1n-3 10-¢
ERVAY}
: KR Cer San. el Goeng ity Data Toroa Mach fhaepe
1

Vi

Ocar80

\q
Y
d

Transducer

[ e

= 15,7 Psi

2056 ft/sec
2.0 inches

O O
8 o9
0ven
(3 © 8 v

o ¢+4+fv..,”

52

ha Al




Ll

i ani

)

\v}
\
g9 VO
\v)
Transgucec
[(‘-6_.._ AV < \v4 1
< D -
v 9 G- 2
v 5 - 3
o - 4
o0 Ve O - 5
9 v Q_': ?5.7 Pqi
Bos 1
g 8 U= 2956 ftoaed
o s @ 80 vv d 2.7 inche
& T O@ E o
vi faY % 8 OOO ~ o
K Go@o @ o
b 09 o B
[dal A@ O o
(0]
8 o @8 o
& 8 "0 o o 4O
" © 00 ¢ ©
0~ 0 o o
28 g e @
(] © £
©80 v 79
DD <
o @O@ o (0]
A o US o \;g
-l O < 6 <
goe 9 AZ
éDG G
@)
1 C) I'"
O
! ]
L 3
‘ st o s B R T e At SRR
P b ___.L——-+———+——%——Hi—¥—f—_l--" - - v-4~+-~o~|~+4~]0-rt-i;»- ottt +H]:’|_‘ 1
10-4 10-°
£4/1
“ ‘ ynd o e Lo are ‘
[REREN AR we ) Nesnity ftata By Maoh tly e 0]
(A i

53




seconds

4

G/oc,

54

19=5
€ Tearsducer
o -1
0oz
a - 3
o
o8, -
ogE . <& O - 6
83@&0 n o= 15.7 pos
cv 8 o Y = 2356 frlser
10-7 B PR V) 4 = 2.7 incres
T4 OE]O o v
o0 “200,"
©

A-0 N
19 A O o
N C)%O 1
2o o
0° .
e’
8}
(9]
]0“]- N - % i et A %
in-d 10-3 10-2 1n-1 |
£47Y |
i V=i ey Tenctral fan-ity Nata For oA Mach Gamher of 3.1 aed o hane BRI AN
fap T
|
1
[




1“\-5_'__
O
o o
[aY oW
JaY
s © & &
Transdaoer
o
10761 A
b o -1
0 - 2
o o o - 3
o 9 - 4
O 5
€% - ¢
8 A 4=l
- 08 88 A o2
E 8 4= 2.
o -7 ) @Q
< ‘ —— O o v
bt In] <
‘J 8 (’1‘) 99’ (R(,
4 OOQ@-OQ‘ C_o -
> o oY o <
e o) PPN o
.. (0] 8 08 °
w O - i
B0 og o
0 00
000 @V
o e}
o o888 9% o
108 4 o o 8 o0 Qo .
- 0 o o9y
O ©Op 09
n®e [o¥e}
O o) & ¢}
Q
| D’_ID @ /“8.",
Unogu
n? Bo
10-9 L o o
0 9o+ -
0
8]
¥
“
0
0
19-10 . bt bt — L.%,-v_._ SO ﬂ'vlrl-—&}‘——- R 4..4»4.;4‘{
1-1-‘3 -!n~3 ]q-? -l
fd/'
Fiogrn JV-10, Dogwer snectril Nencity Daty For g Mach Nianbor of 301 and T e e
ML

55




el

+

bed o b2} .
100,

noydn e

© 1
{3 >
A 3
A
O ]
~ t
T 15.¢ v

! IS ENT

. 2 i

56




57

CONCLUSIONS

The RMS pressure levels and power spectral density
trends compare in most respects with solid body induced
separation data reported by Kistler [10,11] and Coe [5].
However, in this study, the RMS pressure levels in the
separated region show a definite increase (after an initial
decrease) with distance from the separation point, where as
Coe [5] indicates erther a constant or slighty decreasing
RMS level in the separated region on a solid body. Also,
there is a noticeable rise in many of the power spectral
density curves for the high frequency range between 12 KHZ
and 20 KHZ which is not observed in data associated with
sclid bodies. The effect is not present in all spectra
obtained in this investigation and seems to be most pro-
nounced on spectra for points near, but not on, the
separation front.

The pressure fluctuation levels reported by Jones [9]
from measurements on a Saturn V flight were not simulated in
these tests. A reasonable explanation is that a prototype
rocket engine is known to pulse, and no attempt was made to
similate this. Therefore, it is possible that plume unstead-
ines~ can contribute in a major way to the fluctuation in the

vicinity of separation.

e e _ - -
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A1l testing performed in this investigation indicates

that the flow field over the instrumented portion of the
wall mounted model was not disturbed by the mounting arrange-
ment. That 1s, 1t is possible to simulate body-of-revolution
flow by mounting the axis of the body on the tunnel wall
boundary layer displacement thickness. Also, it was possible
to start the tunnel with the plume in operation even though

% a much smaller solid body would have blocked the flow.
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